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Dear Editor of Journal of Membrane Science, We are sending the file of our manuscript which is entitled "Intensification of hollow fiber membrane cross-flow filtration by the combination of helical baffle and oscillatory flow" by T. Horie et al. The objective of this work was to introduce fluid dynamics contributing the improvement of the rejection and permeate flux.
Thank you very much for your kind consideration on our manuscript for publication in your journal. We are looking forward to hearing from you. polarization. This study investigated the effect of fluid dynamics induced by the combination of a 29 helical baffle and oscillatory flow on the performance of a hollow fiber membrane module. An 30 external pressure type cross-flow filtration was employed and purification of humic acid aqueous 31 solution was selected as a model case. Normalized permeate flux and rejection were used for 32 evaluation and compared in the following 4 cases; control, oscillatory flow without helical baffle, 33 helical baffle without oscillatory flow and combined condition of helical baffle and oscillatory flow, 34 called oscillatory baffled membrane module (OBMM). As for the OBMM, the normalized permeate 35 flux could be kept at higher level and the rejection also showed much better performance than the 36 others. The OBMM could maintain the clean membrane surface though all the other conditions 37 could not inhibit the humic acid accumulation. These were caused by the vortices and the swirling 38 flow resulting in the high shear stress and the renewal of the concentration polarization layer by their 39 mixing effect. Finally, the oscillation conditions were varied and summarized in the oscillatory 40
Reynolds number, Reo, and the filtration performance was increased with the rise of Reo 41 corresponding to the intensity of oscillation. quality, environmentally friendly, easy control of operation, low cost and easy maintenance [1] . 56
However, this membrane separation technology has been suffering from the problems of 57 concentration polarization and fouling. The concentration polarization is the emergence of solute 58 concentration gradients at a membrane and solution interface resulted from selective transfer through 59 the membrane under the effect of transmembrane driving forces [2] . The concentration polarization 60 layer where a higher level of solute nearest to the upstream membrane surface generate can be 61 described by the mass balance equation [3] : 62
where Cm, Cb and Cp are the solute concentration on the membrane surface, of the bulk solution and 64 of the permeate, respectively; Jv is the permeate flux and k is the mass transfer coefficient; D is the 65 diffusion coefficient of a solute and  is the concentration film thickness. The high concentration 66 gradient between Cm and Cp promotes the solute to permeate through the membrane and results in 67 the reduction of separation efficiency. Besides, the concentration gradient between the feeding and 68 permeation sides of the membrane also causes an increase of the osmotic pressure gradient in the 69 membrane, which reduces the permeation flux. A fouling is usually caused by the deposition of the 70 solute on its external surfaces, at its pore openings, or within its pores due to this high concentration 71 layer, and leads to the permeate flux reduction. The fouling also leads to the increase of the ability to 72 reject the foulant due to the pore capacity decline or cake layer formation. 73
The use of high shear stress on the membrane surface has long been considered as one of the 74 most efficient ways for increasing permeate flux [4] . The enhanced membrane shear stress generated 75 at the membrane fluid interface results in a continuous fouling removal of the membrane surface and 76 mitigate the growth of the cake layer formed on the membrane. However, this is typically 78 accompanied by high axial pressure drops resulting from the large velocities which could results in a 79 decrease of transmembrane pressure (TMP) and permeation flux decline with path length. 80
Intensification of membrane filtration was reported by Gomaa et al. [5] about oscillation of a flat 81 membrane. Microfiltration of bakers yeast was selected as a model case. The flat membrane was 82 fixed in the filtration unit by sealing its edges, and was mechanically oscillated along its surface. The 83 enhanced membrane shear stress generated at the membrane fluid interface resulted in a continuous 84 fouling removal of the membrane surface and renewal of the mass transfer boundary layer leading to 85 significant performance improvement. In their later papers, the combined effect of using oscillations 86 and turbulence promoters (TPs) were investigated [6] . Experiments were performed using surfaces 87 inserted in the reactor tube. Also, the reactors successfully enhanced heat and mass transfer and 94 controllable mixing conditions. As for the meso-scale reactor, the bulk flow performance inside the 95 helical baffle design was compared to other mesoscale configurations, and a high degree of plug 96 flow performance could be achieved due to the swirling flow motion and vortex generation [7] . In 97 this study, the oscillatory baffled membrane module using a helical coil was employed as the 98 potential application for hollow fiber membrane cross-flow filtration processes and the effect of the 99 oscillatory baffled flow on the filtration performance and the mechanism were investigated by using 100 dimensionless numbers. The permeate flux was evaluated by the normalized permeate flux, J/J0 where J0 was obtained 135 based on the pure water permeate flux for each membrane to eliminate the individual membrane 136 variability. Next, separation ability can be generally expressed as: 137
The former description of the rejection is called as an apparent rejection factor, Rapp, which expresses 140 the global ability of the membrane separation. The latter is the intrinsic rejection factor referring to a 141 local relationship between upstream and downstream which corresponds to the membrane ability for 142 the separation. In this study, rejection, R, which correspond to the percentage expression of Rapp (%) 143 was employed for the evaluation. the rejection was increased due to pore size reduction caused by the fouling. As for the oscillatory 180 baffled condition, the decrease of the normalized permeate flux was relatively moderate and kept the 181 flux at the higher value than the others. It was 0.43 and 90% which was about 1.5 times higher than 182 the others. This is because the interaction between the helical baffle and oscillatory flow generated 183 vortices around the membrane surface and the vortices caused the high shear stress removing the 184 foulant. Contrary to the reduction of the foulant accumulation, the rejection could be maintained 185 higher than the others. The helical baffle was a guide to generate the swirling motion of the fluid 186 flow in the module [10] . The generation of the swirling flow in the oscillatory baffled reactor with a 187 without an oscillatory flow showed the higher rejection than the cases of control and oscillatory 193 motion without a baffle due to the foulant approach prevention. However, the permeate flux 194 reduction could not be avoided since the high shear stress caused by the vortex motion was not 195 generated in these cases. 196
The outside views of the membrane surfaces were compared for the above 4 cases in Fig. 3 . The 197 control condition couldn't inhibit the humic acid accumulation and its surface became brown, color 198 of humic acid, overall. In the case of the oscillatory flow, it was reported that superimposing an 199 oscillating onto bulk axial flow in a tube produced a higher velocity profile nearer the wall than the 200 center-line [12], but the improvement was little and the color of the surface was slightly and partially 201 lighter than the control. As for the baffled condition without an oscillatory flow, the color of the 202 surface was brown and almost the same as the control, but the spiral trace of fouling could be 203
observed. This was caused by the swirling flow generated along the helical baffle. As for the 204 oscillatory baffled condition, the color of the surface was kept to be white, original color of 205 membrane, and the spiral trace of fouling could be observed as well. Obviously the inhibition of 206 fouling was achieved due to the vortices and the swirling flow generated along the baffle. fouling layer under the lower permeate flux condition. Thus, the normalized permeate flux and 223 rejection became higher than the control condition. However, in Fig. 5 (B) the effect of the flow in 224 the tangential direction appeared locally and the fouling was observed on the membrane with the 225 spiral trace along the helical baffle, and the local fouling was darker than the control. As for the 226 oscillatory baffled condition, the normalized permeate flux and rejection improved more than the 227 baffled condition without an oscillatory flow, and the very clear membrane surface could be 228 observed in the picture of Fig. 5 (OB) . This is because the generation of the vortex motion intensify 229 not only the flow in the tangential direction but also the shear stress. As a result, the normalized 230 permeate flux was more than twice as the control and the rejection reached close to 100%. 
